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Abstract
We study the kinematics and cross section of the scattering process ep →
eΣ+. The cross section is expressed in terms of complex form factors char-
acterizing the hadron vertices. We estimate the cross section for small mo-
mentum transfer using known experimental information. To first order in the
momentum transfer, we obtain a model independent result for the photon-
exchange part of the cross section, which is completely determined by the
decay width Γ(Σ+ → pγ). For the kinematics of the parity violation experi-
ment at MAMI, this first order result gives rise to a ratio of (dσ/dΩ)ep→eΣ+
/(dσ/dΩ)ep→ep ≃ 4.0 × 10
−15. The Z0-exchange and interference parts give
much smaller contributions due to the suppression of the flavor changing weak
neutral current in the standard model. Feasibility of the experimental mea-
surement is briefly discussed.
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I. INTRODUCTION
Currently, experimentalists at MAMI in Mainz are considering the possibility of measur-
ing the scattering processes ep→ eΣ+ or ed→ epΛ [1]. To our knowledge, there have been
no theoretical investigations of such processes. It is thus important to explore the physics
and the feasibility of the experimental measurement. Here we discuss the kinematics and
cross section for ep→ eΣ+. With minor alterations our analysis applies as well to en→ eΛ.
In lowest order the scattering process ep → eΣ+ proceeds via the exchange of one pho-
ton or one Z0 boson (see Fig. 1). Thus, the cross section consists of a pure γ, pure Z0 and
interference parts. The last two depend on the physics at the pZ0Σ+ vertex, a classic flavor
changing weak neutral current, which is severely suppressed in the standard model. On the
other hand, the photon-exchange part, pγΣ+, includes all gauge interactions of standard
model: strong, weak, and electromagnetic. The same vertex appears in the weak radiative
decay Σ+ → pγ, which has been well measured experimentally [2]. Despite substantial the-
oretical effort [3], hyperon weak radiative decays remain poorly understood. Measurement
of ep → eΣ+ might provide more information about the vertex pγΣ+ and hence constrain
theoretical models.
We express the cross section in terms of various form factors, which reflect the structure
of the hadron vertices. We then estimate the cross section at small four-momentum transfer
using known experimental information on the weak radiative decay, Σ+ → pγ, and the
flavor changing weak neutral current. To first order in the momentum transfer, we obtain
a model independent result for the photon-exchange part, which is completely determined
by the weak radiative decay width Γ(Σ+ → pγ). For the kinematics of the parity violation
experiment at MAMI (θ ≃ 350 and q2 ≃ −0.237 GeV2 for the elastic scattering ep → ep,
with θ the scattering angle and q2 the squared four-momentum transfer) [4], this first order
result leads to a suppression factor of 4 × 10−15 relative to the ep elastic scattering. The
physical reasons for the suppression are the factor of G2F from the weak hamiltonian and a
factor of q2 from electromagnetic gauge invariance that suppresses the cross section at small
momentum transfer. Using the experimental result for the branching ratio of K0L → µ
+µ−,
we estimate that the Z0-exchange and interference parts give negligible contributions. We
shall discuss briefly the feasibility of experimental measurements at available facilities.
This paper is organized as follows: In Sec. II, we discuss the kinematics and derive the
cross section. Sec. III gives an estimate of the cross section. Sec. IV is devoted to summary
and conclusion.
II. KINEMATICS AND CROSS SECTION
The kinematics for the process ep → eΣ+ is illustrated in Fig. 1. The four momentum
of the initial and final states are denoted by k = {E,k} for the initial electron, P = {Ep,p}
for the target (proton) (P = {Mp, 0} in the target rest frame), k
′ = {E ′,k′} for the outgoing
electron, and P ′ = {E ′p,p
′} for the outgoing hyperon (Σ+). One can then define the two
invariants
1
q2 ≡ (k − k′)2 = (P ′ − P )2 = −4EE ′ sin2(θ/2) = −Q2 < 0 , (2.1)
ν ≡ P · q =Mp(E − E
′) , (2.2)
where the electron mass has been neglected (and will be henceforth). The scattering angle θ
has been indicated in Fig. 1. Unless otherwise noted, the target rest frame will be adopted.
Since the final Σ+ state is on-shell, one finds
2ν + q2 =M2Σ −M
2
p , (2.3)
E ′ =
MpE −
1
2
(M2Σ −M
2
p )
Mp + 2E sin
2(θ/2)
. (2.4)
Note that there are only two independent variables, E and θ, and all the other quantities can
be expressed in terms of them. The kinematic domain is thus given by the two conditions
q2 < 0 (Q2 > 0) and 2ν = M2Σ −M
2
p − q
2. Since E ′ > 0, one has
E >
1
2Mp
(
M2Σ −M
2
p
)
, (2.5)
which implies a minimum initial electron energy of Emin ≃ 285 MeV.
In the discussions to follow, we shall consider the scattering process with unpolarized
beam and target and with final spins unobserved. The extension to other situations is
straightforward. The differential cross section in this case can be written as:
dσ =
e4
4EQ4
∫
d3k′
(2π)3E ′
d3p′
(2π)3
MΣ
E ′p
(2π)4δ4(P ′ + k′ − P − k)
∑
i=γ,γZ,Z
ηilµνi W
i
µν , (2.6)
FIG. 1. Kinematics of the scattering ep → eΣ+ in the proton rest frame.
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where
ηγ = 1 , ηγZ =
1
sin2 2θw
Q2
Q2 +M2Z
, ηZ =
(
ηγZ
)2
, (2.7)
with θw the weak angle and MZ the Z
0 mass. Here we use the normalization conventions of
Itzykson and Zuber [5]. The leptonic tensor lµνi is simply given by
lµνγ = k
µk′ν + kνk′µ − k · k′gµν , (2.8)
lµνγZ = 2g
e
v (k
µk′ν + kνk′µ − k · k′gµν)− 2geaiǫ
µνρσk′ρkσ , (2.9)
lµνZ =
[
(gev)
2 + (gea)
2
]
(kµk′ν + kνk′µ − k · k′gµν)− 2gevg
e
aiǫ
µνρσk′ρkσ , (2.10)
where
gev = −
1
2
+ 2 sin2 θw , g
e
a = −
1
2
. (2.11)
On the other hand, the hadronic tensor W iµν describes the complicated structure of the
vertices pγΣ+ and pZ0Σ+,
W γµν =
∑
spins
〈Σ+|Jγµ |p〉〈Σ
+|Jγν |p〉
∗ , (2.12)
W γZµν =
∑
spins
[
〈Σ+|Jγµ |p〉〈Σ
+|JZν |p〉
∗ + 〈Σ+|JZµ |p〉〈Σ
+|Jγν |p〉
∗
]
, (2.13)
WZµν =
∑
spins
〈Σ+|JZµ |p〉〈Σ
+|JZν |p〉
∗ , (2.14)
where Jγµ and J
Z
µ denote the electromagnetic and weak neutral currents, respectively. The
matrix element 〈Σ+|J jµ|p〉 {j = γ, Z}, upon the use of Lorentz covariance, takes the following
form:
〈Σ+|J jµ|p〉 ≡ U(P
′)
{
γµF
j
1 (q
2) + qµB
j(q2) +
iσµνq
ν
Mp +MΣ
F j2 (q
2)
+γ5γµF
j
3 (q
2) + γ5qµB
j
5(q
2) +
iγ5σµνq
ν
Mp −MΣ
F j4 (q
2)
}
U(P ) , (2.15)
where U(P ′) and U(P ) are the Dirac spinors of Σ+ and proton, respectively. The form
factors are in general complex. While F j1 , F
j
2 , and B
j are parity-conserving, F j3 , F
j
4 , and B
j
5
are parity-violating.
From electromagnetic current conservation, one obtains the following relations:
(Mp −MΣ)F
γ
1 = q
2Bγ , (Mp +MΣ)F
γ
3 = q
2Bγ5 . (2.16)
Since there is no zero-mass particle involved except the photon and the photon propagator
has been included explicitly, Eq. (2.16) implies that
3
F γ1 (0) = 0, F
γ
3 (0) = 0 . (2.17)
Note that the condition F γ1 (0) = 0 is different from the usual F
γ
1 (0) = 1 (= electric charge
of the proton) seen in the proton electromagnetic form factors. This difference arises from
gauge invariance. While the proton couples minimally to the photon field Aµ, the pγΣ
+
vertex must be proportional to Fµν = ∂µAν − ∂νAµ. Thus, there are only four independent
form factors at the vertex pγΣ+, which we choose as F γ1 , F
γ
2 , F
γ
3 , and F
γ
4 . Since J
Z
µ is not
conserved, the six form factors describing the vertex pZ0Σ+ are in general independent.
Lorentz covariance and electromagnetic current conservation allows one to separate W γµν
into three distinct structures:
W γµν ≡
(
−gµν +
qµqν
q2
)
Mp
MΣ
W γ1 (q
2) +
[(
Pµ −
P · q
q2
qµ
)(
Pν −
P · q
q2
qν
)]
W γ2 (q
2)
MpMΣ
−iǫµνρσP
ρqσ
W γ3 (q
2)
2MpMΣ
. (2.18)
Here the introduction of the factors Mp/MΣ, 1/MpMΣ, and 1/2MpMΣ makes the W
γ’s di-
mensionless. On the other hand,W iµν for {i = γZ, Z} can be decomposed into six structures:
W iµν ≡ −gµν
Mp
MΣ
W i1(q
2) + PµPν
W i2(q
2)
MpMΣ
− iǫµνρσP
ρqσ
W i3(q
2)
2MpMΣ
+O(qµ or qν) . (2.19)
Here terms proportional to qµ or qν vanish upon contraction with l
µν
i . Carrying out the
integral in Eq. (2.6), we obtain the following expressions for the three parts of the cross
section:(
dσ
dΩ
)
γ
=
(
dσ
dΩ
)
0
ηγ
[
W γ2 (q
2) + 2 tan2 (θ/2)W γ1 (q
2)
]
, (2.20)
(
dσ
dΩ
)
γZ
=
(
dσ
dΩ
)
0
ηγZ
{
2gev
[
W γZ2 (q
2) + 2 tan2 (θ/2)W γZ1 (q
2)
]
−2gea
E + E ′
Mp
tan2 (θ/2)W γZ3 (q
2)
}
, (2.21)
(
dσ
dΩ
)
Z
=
(
dσ
dΩ
)
0
ηZ
{[
(gev)
2 + (gea)
2
] [
WZ2 (q
2) + 2 tan2 (θ/2)WZ1 (q
2)
]
−2gevg
e
a
E + E ′
Mp
tan2 (θ/2)WZ3 (q
2)
}
, (2.22)
where (
dσ
dΩ
)
0
=
α2E
4E2 sin4(θ/2)
{
cos2 (θ/2)
2[1 + 2(E/Mp) sin
2(θ/2)]
}
, (2.23)
with αE the electromagnetic fine structure constant. Therefore, the cross section is deter-
mined by various W jk , which, in terms of the form factors, can be expressed as:
4
W j1 =
1
2M2p
{
|F j1 + F
j
2 |
2
[
Q2 + (Mp −MΣ)
2
]
+ |F j3 + F
j
4 |
2
[
Q2 + (Mp +MΣ)
2
]}
, (2.24)
W j2 = 2
{
|F j1 |
2 + |F j3 |
2 +Q2
[
|F j2 |
2
(Mp +MΣ)2
+
|F j4 |
2
(Mp −MΣ)2
]}
, (2.25)
W j3 = −4Re
[
(F j1 + F
j
2 )(F
j
3 + F
j
4 )
∗
]
, (2.26)
for {j = γ, Z}, where Re denotes the real part. The expressions for W γZk , which contain the
product of F γk and F
Z
k , have not been listed.
III. ESTIMATE OF THE CROSS SECTION
The hadron vertices pγΣ+ and pZ0Σ+ are very complicated, containing the interplay
among the strong, weak, and (for pγΣ+) electromagnetic interactions. Obviously, it is
difficult to calculate the form factors and cross section directly from the standard model.
At this stage, the best one could do is to calculate the form factors in models. For the
experiment conditions of interest we find it possible to calculate the cross section without
invoking any explicit effective model, by making use of experimental information on the
weak radiative decay Σ+ → pγ and the flavor changing weak neutral current.
Let us first consider the photon-exchange part. It is easy to show that in our notation,
the weak radiative decay width of the Σ+ can be written as
Γ(Σ+ → pγ) =
e2
π
(
M2Σ −M
2
p
2MΣ
)3 [
|F γ2 (0)|
2
(Mp +MΣ)2
+
|F γ4 (0)|
2
(Mp −MΣ)2
]
, (3.1)
and the asymmetry parameter as
αγ = 2
(
Mp +MΣ
Mp −MΣ
)

Re
[
F γ2 (0)F
γ∗
4 (0)
]
|F γ2 (0)|
2 + [(Mp +MΣ)/(Mp −MΣ)]
2 |F γ4 (0)|
2

 . (3.2)
Experimentally, the branching ratio of Σ+ → pγ is (1.25± 0.07)× 10−3, and αγ = −0.76±
0.08 [2]. Note that tan2(θ/2) ∼ q2 [Eq. (2.1)], and F γ1 (q
2) ∼ q2, F γ3 (q
2) ∼ q2 [Eq. (2.17)] (at
most) for small q2. To first order in q2, we have
W γ2 (q
2) + 2 tan2
(
θ
2
)
W γ1 (q
2) = −2q2
[
|F γ2 (0)|
2
(Mp +MΣ)2
+
|F γ4 (0)|
2
(Mp −MΣ)2
]
+ 2 tan2
(
θ
2
) [
(M2p −M
2
Σ)
2
2M2p
] [
|F γ2 (0)|
2
(Mp +MΣ)2
+
|F γ4 (0)|
2
(Mp −MΣ)2
]
+O[(q2)2]
= −(2q2)× 3.11× 10−14(GeV)−2 + 2 tan2
(
θ
2
)
× 5.05× 10−15 +O[(q2)2] . (3.3)
Here in the last step, we have used the experimental values for Γ(Σ+ → pγ) and the lifetime of
Σ+. Therefore, the above first order result is model independent. To be concrete, we consider
5
the kinematics of the parity violation experiment at MAMI [4], θ = 350 and q2 ≃ −0.237
GeV2 for the elastic scattering, which implies q2 ≃ −0.16 GeV2 for the process under
consideration. Using the above estimate, we arrive at the following result:
(
dσ
dΩ
)
γ
(ep→ eΣ+)
dσ
dΩ (ep→ ep)
≃ 4× 10−15 . (3.4)
This indicates a severe suppression relative to elastic scattering. This suppression arises
from the weak interaction, gauge invariance, and kinematics.
We observe from Eqs. (2.24) and (2.25) that W γ1 and W
γ
2 may increase as Q
2 gets larger,
implying, perhaps, a larger value for the ratio of (dσ/dΩ)ep→eΣ+/(dσ/dΩ)ep→ep. On the other
hand, as Q2 goes to infinity, one expects all the form factors go to zero. Thus, there may be
a chance that the ratio has a maximum at a non-zero momentum transfer, which, however,
is unlikely to alter the result of Eq. (3.4) qualitatively.
The Z0-exchange part and the interference part involve the flavor changing weak neutral
current, which is suppressed (at the tree level) in the standard model. At the quark level,
the relevant vertex is sZ0d. For the purposes at hand, we can parameterize this vertex in
terms of a vector coupling gZV and an axial vector coupling g
Z
A. Note that the same vertex
is also responsible for the decay K0L → µ
+µ−. Although the typical momentum scales in
the two processes (ep→ eΣ+ and KL → µ
+µ−) differ by multiples of some typical hadronic
scale, we will not make a significant error by treating gZV and g
Z
A as constants. Since for
electron and muon, ge,µv ∼ 0, only g
Z
A enters.
Thus we can make use of the experimental information on the decay K0L → µ
+µ− to
estimate gZA. Since the decay width of K
0
L → µ
+µ− agrees with the standard model estimate
(via K0L → γγ → µ
+µ−), we can safely assume gZA contribution to K
0
L decay to be below the
limit of the experimental errors on the K0L → µ
+µ− branching ratio. This gives:
|gZA| ≤
1
2
sin θc cos θw
[
Γ(K0L → µ
+µ−)
Γ(K+ → µ+νµ)
]1/2
≃ 2× 10−6 , (3.5)
where θc is the Cabibbo angle. Here we have neglected phase space difference, which is
expected to be small.
With the neglect of QCD binding effects, we can apply the above estimate directly to
the vertex pZ0Σ+, where only the axial vector coupling contributes at Q2 ∼ 0. We then
obtain (
dσ
dΩ
)
Z
(ep→ eΣ+)
dσ
dΩ (ep→ ep)
≤ 7× 10−22 . (3.6)
Therefore, the cross section for the process ep → eΣ+ is dominated by the photon
exchange part. The Z0-exchange and the interference give negligible contributions because
of the suppression of the flavor changing weak neutral current.
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IV. SUMMARY AND CONCLUSION
In this paper, we have studied the kinematics and derived the cross section of the scat-
tering process ep→ eΣ+. The cross section can be expressed in terms of various form factors
which are introduced to parameterize the physics at the vertices pγΣ+ and pZ0Σ+. We have
estimated the cross section at small momentum transfer invoking known experimental infor-
mation. In particular, we obtain a model independent first order (in momentum transfer)
result for the photon-exchange part of the cross section, which is completely determined by
the weak radiative decay width Γ(Σ+ → pγ). With this result and the kinematics of the par-
ity violation experiment at MAMI, we found a factor of 4×10−15 suppression relative to the
elastic process ep→ ep. This suppression largely results from the weak interaction involved
and the gauge invariance at the vertex pγΣ+. The Z0-exchange part and the interference
part both depend on the flavor changing weak neutral current. Using the experimental result
for the branching ratio of K0L → µ
+µ−, we estimate that these two parts are much smaller
than the photon-exchange contribution.
In principle, the weak hyperon production process ep → eΣ+ discussed here can be
measured experimentally in facilities with low energy electron beams. For low momentum
transfer, MAMI, MIT-Bates, and TJNAF are the best candidates. However, our estimate
shows that the cross section is severely suppressed relative to the ep elastic scattering. To
be specific, consider the parity violation experiment proposed at MAMI. There, about 1014
elastic events can be accumulated (in 700 hours) [4], making a meaningful measurement
unlikely at this time.
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